Under an increasing applied shear stress (σ), viscosity of many dense particulate suspensions increases drastically beyond a stress onset (σ0), a phenomenon known as discontinuous shearthickening (DST). Recent studies point out that some suspensions can transform into a stress induced solid-like shear jammed (SJ) state at high particle volume fraction (φ). SJ state develops a finite yield stress and hence is distinct from a shear-thickened state. Here, we study the steady state shear-thickening behaviour of dense suspensions formed by dispersing colloidal polystyrene particles in polyethylene glycol. We find that for small σ values the viscosity of the suspensions as a function of φ can be well described by Krieger-Dougherty (KD) relation. However, for higher values of σ (>> σ0), KD relation systematically overestimates the measured viscosity particularly for higher φ values. This systematic deviation can be rationalized by the weakening of the sample due to flow induced fractures and failures when the sample is in a solid like SJ state. Using Wyart-Cates model, we propose a method to predict the SJ onset from the steady state rheology measurements. Our results are further supported by in-situ optical imaging of the sample boundary under shear.
I. INTRODUCTION
Dense suspensions formed by dispersing hard particles in a liquid at high volume fractions (φ) (typically, > 0. 5) show an array of interesting non-linear stress response [1] [2] [3] . At sufficiently large φ values, many dense suspensions show discontinuous shear-thickening (DST) [4] [5] [6] [7] [8] [9] when the suspension viscosity rapidly and reversibly increases by more than an order of magnitude under an applied stress (σ) larger than a stress onset (σ 0 ). Such striking effect has triggered a lot of recent interests to study dense suspensions [10] [11] [12] [13] [14] . This reversible and almost instantaneous control of suspension viscosity by an external stress has made these systems potential candidates for designing smart and stimuli responsive materials that can find wide range of future applications [15, 16] .
Hydrodynamic lubrication based models alone are not sufficient to understand strong shear-thickening in dense suspensions [17] , as the inter-particle friction also plays a key role [18] [19] [20] . Recent numerical studies [21, 22] demonstrate that DST originates from stress induced rapid build-up of frictional contacts when lubrication layers between the particles break down due to enhanced inter-particle pressure at high σ values. In recent years, experiments reveal that at very large values of φ, approaching the random close packing (φ rcp ), many of these systems get into a shear induced solid-like state known as shear jammed (SJ) state having a finite yield stress [23] [24] [25] [26] [27] [28] . The existence of such solid-like SJ state has been predicted earlier by a phenomenological model by Wyart and Cates (WC) [29] based on stress induced enhancement of number of frictional contacts in the system as a function of increasing applied stress beyond a threshold. WC model predicts that for frictional particles, the viscosity of the system will diverge at a stress dependent jamming packing fraction φ J (σ) given by,
where, f (σ) is the fraction of particles making frictional contacts with friction coefficient µ > 0, φ 0 and φ m represent jamming packing fraction for f = 0 (when all the contacts are lubricated) and f = 1 (when all the contacts are frictional), respectively. While steady state viscosity measurements successfully describe the shear-thickening behaviour, they cannot capture signatures of SJ state [25] . The experimental studies of shear jamming measure transient response of the suspension under an applied force that drives the system into a SJ state. To our knowledge, there are no studies that can experimentally distinguish a SJ state from a shear-thickened state based on steady state flow curves.
In this letter, we study shear-thickening behaviour of suspensions formed by colloidal polystyrene (PS) particles over a wide range of φ and σ values. We find a systematic deviation of the data from KD relation [31] for stress values σ >> σ 0 in the large φ regime. We conjecture that these deviations are caused by shear jamming of the suspension. Using WC model (Eq. 1), we predict the onset stress for shear jamming (σ SJ ) for a given packing fraction. Thus, our experiments propose a novel method to distinguish a SJ state from a shear-thickened state from steady state measurements. 
II. EXPERIMENTAL
Suspensions are formed by dispersing PS particles in polyethylene glycol (PEG-400) [30] at different volume fractions φ ranging from 0.45 -0.6. Details of the particle synthesis is mentioned in Supplementary Information (S.I). Just before loading the sample for rheology measurements, the suspensions are ultrasonicated for 5 minutes to ensure uniform dispersion. Rheology measurements are carried out using a stress controlled Rheometer (MCR-702, Anton Paar, Austria) with a parallel plate geometry (plate diameter of 25 mm and a gap of 300 µm).
III. RESULTS AND DISCUSSIONS
Typical Scanning Electron Microscopy (SEM) images of the synthesized particles (Fig. 1a -c) along with the size distributions (Fig. 1d) ) as a function of applied shear-stress (σ) at different packing fractions (φ) is plotted in Fig. 1e for almost six orders of magnitude of stress variation for mean particle diameter d = 1.21 µm. After an initial Newtonian/shear-thinning region, there is a shear-thickening region at higher values of σ where the η r increases strongly for φ ≥0.55. η r increases monotonically with increasing φ values at a particular value of σ ( = 28 Pa) as shown in Fig. 1f . Such non-linear increase in viscosity as a function of volume fraction can be described by the empirical Krieger-Dougherty (KD) model [29, 31] for spherical particles:
−2 which predicts that as the particle volume fraction (φ) gradually increases, the viscosity (η r ) also increases and finally diverges when φ closely approaches φ J , the jamming packing fraction. Since, we are interested to pick up systematic deviations of the measured η r close to φ J , we fit the data only for lower packing fractions 0.45 ≤ φ ≤ 0.55 away from the jamming point (shaded region) in Fig. 1f . For the rest of the manuscript, we will stick to this fitting protocol. We get a very good agreement with KD relation over the entire range of volume fraction (0.45 ≤ φ ≤ 0.6) as shown by the fitted solid-line in Fig. 1f , with φ J ≈ 0.62. Next, we turn to the variation of η r as a function of φ when the σ is increased gradually. In Fig. 2a , we show η r vs φ for d = 0.59 µm when σ is gradually increased from the left most to the right most panel. For a given value of σ we fit KD model to the data over the shaded region. We obtain very good agreement for lower σ values, however, with increasing σ, the fits systematically deviate from the experimentally measured data points for higher values of φ. Similar trends are also observed for d = 1.21 µm (Fig. 2b) and d = 2.76 µm (Fig. 2c ) particles, albeit, over different stress ranges. This indicates that for large σ and φ values, the experimentally measured η r is much lower compared to the KD predictions. We interpret that these deviations indicate shear-induced solidification of the suspension where steady velocity gradient cannot be maintained without failures in the sample. Failures weaken the stress response of the sample that translates into a lower value of measured viscosity.
We now study stress dependence of jamming packing fraction φ J (σ) obtained from the fitted KD curves shown in Fig. 2 . We find that, with increasing values of σ, φ J (σ) decreases as shown in Fig. 3a * is proportional to the average onset stress (σ 0 ) for shear-thickening [32] . Physically, WC model predicts the packing fraction of particles φ J (σ) for a given applied stress σ at which the viscosity of the suspension η r (σ) diverges. It implies that, for a given σ value, the suspension having packing fraction φ (> φ J (σ)) should behave like a jammed solid with infinite viscosity. Thus, existence of finite viscosity for the parameter range marked by the shaded region in Figs. 3a, 3b and 3c is unphysical. We conjecture that such finite value of viscosity at high σ and φ values can be observed (e.g. Fig. 1e, Fig. 2 ) if the sample develops flow induced failures. For a given φ, the onset stress for shear jamming is determined from the stress value σ for which, φ = φ J (σ) (shown in Fig. 3b by dashed vertical lines for φ = 0.58 and 0.6). We show the SJ region (shaded region) for d = 1.21 µm in Fig. 3d with σ SJ values are indicated for φ = 0.58 and 0.6. We find that the onset stress for SJ state (σ SJ ) decreases for increasing φ. Such trend has also been reported for SJ under transient forcing [25, 28] . We perform in-situ optical imaging of the sample in the flow-gradient (v, ∇v) plane (S.I.Movie) while measuring the flow-curves. Since, the particles are optically opaque, we . Since, for a given φ, the total surface area of the particles increases with decreasing particle size, the effect of such interactions will be more significant for smaller particles [7, 34] . We indeed see that φ 0 values gradually decrease from φ rcp (≈ 0.64 for monodisperse hard spheres) as the particle size decreases.
IV. CONCLUSIONS
In conclusion, we propose a novel method to predict the onset of shear jamming in dense particulate suspensions based on steady state rheological measurements. We generalize our results for a range of particle sizes. In all cases, the predicted onset stress values for shear jamming (σ SJ ) are found to decrease with increasing φ, a trend also obtained from the transient measurements [25, 28] . From our analysis, we predict a σ SJ (Fig. 3d) value for which optical imaging does not reveal any boundary failures (S.I.Movie). We believe that such analysis captures the weakening of the sample due to microscopic failures in random locations of the sample. However, these failures are only visible when they merge and grow to macroscopic length-scales under increasing stress. This indicates that our analysis is more sensitive in picking up the onset of SJ state, although, the generality for systems with different particle shapes and interactions needs to be verified. Furthermore, comparison of the predicted value of σ SJ with that obtained directly by more sophisticated optical/non-optical imaging techniques probing the failures in the sample, remain an interesting future challenge. We hope that our experiments will motivate further studies on shear induced jamming in dense suspensions.
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Supplementary Information: Signature of jamming under steady shear in dense particulate suspensions
Movie description
In-situ deformation of the sample boundary in the flow-gradient (v, ∇v) plane is captured during the steady state flow-curve measurement (Fig. 3d, main text) as shown in S.I.Movie. The movie is captured by a digital camera (iPhone X) with a resolution of 1920 X 1080 pixels at frame rate of 60 Hz. The optically opaque nature of the sample enables us to track the boundary deformations as a function of increasing applied stress values. At large values of applied stress (indicated in the movie), there is a clear signature of detachment of the sample from the shearing plate. However, as the applied stress is removed such failure starts to recover when the sample is again transformed back to a liquid like state from a shear jammed state.
Synthesis of polystyrene particles
The monodisperse polystyrene (PS) microspheres are synthesized by dispersion polymerization method [1] [2] [3] . Polyvinylpyrrolidone (PVP K-30, Spectrochem, India) is mixed with a solvent (ethanol/ethanol-water/ethanol with 2-methoxyethanol) inside a 250 ml round bottom flask under continuous stirring at 300 rpm. In another beaker, polystyrene monomers (TCI, Japan), were mixed with the initiator AIBN (Spectrochem, India). The mixture containing the monomers is poured into the flask maintained at 70 o C under a constant nitrogen environment. The reaction is carried out for 24 h. The amount of different reactants controls the particle size [2, 3] , as summarized in Table V . The PS microspheres formed are cleaned repeatedly using ethanol and water mixture to get rid of chemical impurities/unreacted components from the surface of the particles and are dried and stored for further use. 
